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Synthesis of Mono(perfluoroalkyl) Cyclodextrins via Cross Metathesis
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Ruthenium-carbene complex catalyzed cross metathesis of
monoallyl o-, B-, and y-cyclodextrins with perfluoroalkyl-
propenes resulted in the formation of the corresponding per-
fluoroalkylated cyclodextrins. The reactions proceeded un-
der standard reaction conditions and yielded the desired

compounds in reasonable yields. Dynamic light scattering
measurements proved the ability of the prepared compounds
to aggregate in water solution forming nanoparticles in the
range of tens and thousands of nanometers.

Introduction

Organic molecules containing fluorine have been in the
centre of scientific attention due to their potential activity
in exploitation in biomedical research.[!l In this respect,
compounds possessing perfluorinated chains often form
vesicles and nanocapsules that are usually more stable and
less permeable than their non-fluorinated analogs.!>3! One
class of such compounds are cyclodextrins (CDs), macro-
cyclic host compounds formed by o-1,4-linked D-glyco-
pyranose units, and their amphiphilic derivatives that are of
considerable interest for pharmaceutical applications in
view of their ability to self-organize in water.[*-6!

Perfluoroalkylated chains have usually been attached to
cyclodextrin via a sulfide bridge such as the case of mono-
trifluoromethyl,”? perfluoroethyl,®! and mono-, di-, tetra-,
and polyperfluoroalkylated® cyclodextrins. Alternatively,
an ester linkage has been applied.['” Another option for
attaching the perfluoroalkylated chains to various frag-
ments is cross metathesis of two alkenes.['!:'? This ap-
proach has been recently applied for the synthesis of mono-
perfluoroalkylated cyclodextrins and was based on a ruthe-
nium complex catalyzed reaction of perfluoroalkylethenes
with (allylamino)cyclodextrin derivatives.['3] Recently, we
have shown that perfluoroalkylation based on cross metath-
esis of alkenes (bearing alkyl, aryl, metalocene, sugar, ter-
penoid, etc. moieties) is more conveniently carried out with
perfluoroalkylpropenes instead of perfluoroalkylethenes
(Scheme 1). The former are easier to access, as a twofold
molar excess with respect to the alkene substrate is enough
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to ensure high yields of cross metathesis, and the reaction
could be carried out in commonly used dichloromethane.['¥]
This approach has been recently applied in the synthesis of
fluorinated analogs of brassinosteroids!'® and carbor-
anes.!1!

Re = CsF7, i-C3F7, CeFy3
R = alkyl, aryl, metalocenyl, etc.

Scheme 1. Cross metathesis of perfluoroalkylpropenes with alkenes.

Derivatization of cyclodextrins could be carried out by
two ways: (i) direct substitution of a cyclodextrin with a
suitable functional group or (ii) transformation of a func-
tional group on the attached chain on the cyclodextrin. The
advantage of the latter approach is obvious: a selectively
derivatized cyclodextrin undergoes further transformation
on the side chain, avoiding problems associated with the
functionalization to different positions on the cyclodextrin
framework. In this regard, selectively allylated cyclodextrins
in which the double bond could participate in further reac-
tions are considered to be ideal starting substrates. Al-
though some 6'-O-allylcyclodextrins have been pre-
pared,!'718] there is no general preparative method available
for these derivatives.

Herein we would like to report a general procedure for
the preparation of perfluoroalkylated cyclodextrins by
grafting a single hydrophobic anchor. The procedure is
based on cross metathesis of perfluoroalkylpropenes with
various monoallylated cyclodextrins and is an efficient
method for the synthesis of monoperfluoroalkylated amphi-
philic a-, B-, and y-cyclodextrins. Moreover, selective al-
lylation at the 6'-O-positions has been solved. Dynamic
light scattering measurements proved the ability of the pre-
pared compounds to aggregate in water solution.
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Results and Discussion

At the outset, O-allylcyclodextrins were prepared
(Scheme 2). 2'-0-Allyl-B-cyclodextrin 7 was prepared in
11% isolated yield by a previously described procedure!!”!
based on the selective allylation of cyclodextrin 1. 6-O-Al-
lylcyclodextrins were all prepared by a new general pro-
cedure based on the method for the preparation of 6'-O-p-
cyanobenzyl-B-cyclodextrin.?”! The procedure was carried
out by reaction of cyclodextrin with allyl bromide in 8 m
NaOH in water. The other regioisomers (2!-O- and 3!-O-
allyl) were not detected under these conditions. The only
byproducts detected were highly poly-6-O-allylated CDs.
Allylcyclodextrin 4181 was prepared from 1 in 14% yield,
5171 was prepared from 2 in 17% yield, and newly synthe-
sized 6 was prepared from 3 in 18% yield. Peracetylation of
5 to 9171 was carried out according to a previously reported
procedure. Peracetylated cyclodextrins 8, 10, and 11 were
synthesized under the same conditions. Yields of the per-
acetylation were nearly quantitative in all cases. Peracety-
lation of compounds 4-7 is necessary due to the very low
solubility of compounds 12a-¢ and catalysts in water or
water/methanol mixtures.

HO
o}
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HO 1,n=5, a-CD
OH 2,n=6, p-CD
) OHal 3,n=7,y-CD
OH 1,
/\/Brj NaOH, H,0
7 o o HO o
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Scheme 2. Preparation of starting allylcyclodextrins 8-11.

With the prepared allylcyclodextrins in hand, cross me-
tatheses with various perfluoroalkylpropenes 12 were un-
dertaken (Scheme 3). Branched and linear perfluoroalk-
ylpropenes 12 with various chain lengths were selected to
assess the generality of the reaction. Because we have re-
cently shown that the cross metathesis of perfluoroalkyl-
propenes is efficiently catalyzed by Hoveyda—Grubbs sec-
ond generation catalysts,[>!) it was also used as a catalyst of
choice. The reactions were run under standard conditions
by heating the reactants and the catalyst (10 mol-%) at re-
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flux in CH,Cl, under a protective atmosphere of argon for
24 h. The cross metathesis of a-allylcyclodextrin 8 with per-
fluoropropyl- (12a), perfluoroisopropyl- (12b), and per-
fluorohexylpropene (12¢) yielded the corresponding per-
fluoroalkylated a-cyclodextrins 13a—c in reasonable 32, 37,
and 43% isolated yield, respectively. By analogy, the reac-
tion of B-allylcyclodextrin 9 with 12a—¢ was also carried
out. In this case, the yields of the corresponding perfluoro-
alkylated B-cyclodextrins 14 were also similar: 14a (43 %),
14b (34%), 14c¢ (48%). The cross metathesis of 9 with 12¢
was also run under catalysis of Grubbs first generation cata-
lyst??] for comparison, and expected product 14¢ was iso-
lated in a marginally lower yield of 43%. Finally, the series
of reactions of allyl-y-cyclodextrin 10 with 12a—c were car-
ried out as well, giving rise to the corresponding perfluoro-
alkylated y-cyclodextrins: 15a (24%), 15b (29%), and 15¢
(38%). To assess the scope of the reaction with respect to
cyclodextrins allylated in various positions, the reaction was
also conducted between 2'-O-allyl-per-O-acetyl-B-cyclodex-
trin 11 and 12¢. As expected, the reaction proceeded une-
ventfully to furnish desired product 16¢ in 50% yield after
isolation. Compounds 13-16 were all prepared with a
cis/trans ration of 1:5 ("H NMR spectroscopy). Attempts to
separate these isomers were unsuccessful.

12a, Rr = n-CsF;
12b, RF = i—C3F7
12¢, Rg = n-CgF43

H-G 2nd (10 mol—%)l CH,Cly, 40 °C

(@]
hR

811 + ~URF

Oxco F

e}

13a, n =5, RF = n-C3F7, 32% 16¢, Rg = n-CgF 43, 50%
13b, n=5, Rp=i-C3F7, 37%

13C, n= 5, RF = n—C6F13, 43%

14a, n =6, R = n-C3F7, 43%

14b, n =6, Rg = i-C4F 7, 34%

14c,n =6, RF = n-C6F13, 48%

153, n=17, RF = n-C5F13, 24%

15b, n =7, Rg = n-C4F5, 29%

15¢, n =7, Rp = i-C4F5, 38%

Scheme 3. Cross metathesis of allylcyclodextrins 8-11 with per-
fluoroalkylpropenes 12.

Fluorinated derivatives of cyclodextrins with the longest
alkyl chain — n-C¢F 3 — 13¢, 14¢, 15¢, and 16¢, which can
be expected to form the most stable aggregates, were chosen
for deacetylation and testing of amphiphilic properties.
Zemplen deacetylation (MeONa/MeOH) of these com-
pounds furnished deacetylated derivatives 17¢, 18¢, 19c,
and 20c in 94-97% yield (Scheme 4).

There are only a few examples of measurements of aggre-
gates of amphiphilic cyclodextrins bearing only one hydro-
phobic anchor. Silva et al.? prepared colloidal particles
with a size of 49 nm and Zhang et al.**) prepared vesicles
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Scheme 4. Deprotection of 13¢, 14¢, 15¢, and 16c¢.

with hydrodynamic radii of 107 nm in similar concentra-
tions. Other more highly substituted amphiphilic cyclodex-
trin derivatives form aggregates in water with sizes varying
from several tens to several hundreds of nanometers.[’->%]

Dynamic light scattering measurements of colloidal solu-
tions of fluorinated cyclodextrins 17¢-20c were carried out
in water after 15 min and 7 d to study their tendency to
form aggregates (Table 1). A concentration of 2 mg/l mL
was used for 18c¢ and 20c. For 17¢ and 19¢, precipitation
was observed at the previously mentioned concentrations;
thus, the measurements were carried out at a concentration
of 0.2 mg/l mL. Generally, the measurements revealed that
after 15min compounds 17¢-20c¢c formed two types of
nanoparticles with hydrodynamic radii ranges of 50-127
and 360-1000 nm. After 7 d, the particle size increased to
higher values with maxima observed in the ranges of 70—
470 and 610-3600 nm (Table 1). Such a trend was observed
for compounds 17¢, 18¢c, and 20c¢ (Figures 1, 2, and 3).
Interestingly for compound 19¢, this phenomenon was not
observed, only broadening of the particle size distribution
was observed (Figure 4).

Table 1. Radii of the colloid particles of 17¢-20c.

Entry Compound Radii [nm] of particles after
15 min
1 17¢ 50 70
360 950
2 18¢ 127 470
1000 3700
3 19¢ 84 81
600 610
4 20c 94 117
480 1800
Conclusions

In conclusion we have shown that cross metathesis of al-
lylated cyclodextrins with perfluoroalkylpropenes consti-
tutes a simple and reliable synthetic tool for the preparation
of perfluoroalkylated cyclodextrins. Supramolecular prop-
erties were shown on chosen representatives of cyclodex-
trins bearing a fluorinated anchor. The size of the aggre-
gates in water ranged from 49 to 3700 nm.
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Figure 1. Radii of the colloid particles of 17¢ in water.

1 15 minutes
7 days

08
e
506 .
£ :
204
©
0.2 -

0 A\ e 3

10 100 1000 10000
nm (logarithmic scale)

Figure 2. Radii of the colloid particles of 18¢ in water.
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Figure 3. Radii of the colloid particles of 20c in water.
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Figure 4. Radii of the colloid particles of 19¢ in water.

Experimental Section

General Procedure for Cross Metathesis between Peracetylated
Allylcyclodextrins and (Perfluoroalkyl)propenes: The Hoveyda—
Grubbs second generation catalyst (0.01 mmol) was added under
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an atmosphere of argon to a mixture of an allylcyclodextrin
(0.1 mmol) and a (perfluoroalkyl)propene (0.5 mmol) in dichloro-
methane (20 mL). The resulting solution was stirred at 42 °C over-
night. Removal of the solvent in vacuo gave a brown residue that
was purified by flash chromatography on silica gel (CHCIl;/MeOH,
100:1) and by column chromatography (MeOH/H-0O, 5:1) on Cg
reverse-phase silica.

Per-O-acetyl-6'-0-(5,5,6,6,7,7,7-heptafluorohept-2-en-1-yl)-a-cyclo-
dextrin (13a): The reaction was run with compounds 8 (100 mg,
0.058 mmol) and 12a (61 mg, 0.29 mmol). Workup afforded, after
column chromatography, the title compound as a white powder
(35 mg, 32%). M.p. 119-121 °C. [a]¥) = +87 (CHCl;). '"H NMR
(300 MHz, CDCl3): 0 = 5.82 (dt, J = 15.7, 5.5 Hz, 1 H, 2'-H), 5.73—
5.38 (m, 7 H, 6 X 3-H, 1 X 3'-H), 5.12-5.02 (m, 4 H, 4 X 1-H), 4.98
(d, J = 3.3Hz, 2 H, 2X 1-H), 4.83-4.68 (m, 6 H, 6 X2-H), 4.53—
3.60 (m, 26 H, 2 X 1'-H, 6 X4-H, 6 X 5-H, 12 X 6-H), 2.84 (td, Ju
=18.7Hz, Jyu = 6.7 Hz, 2 H, 2X4’-H), 2.20-1.97 (m, 51 H,
17 X CH3) ppm. '*C NMR (101 MHz, CDCls): § = 170.77-169.06
(17X C=0), 134.16 (trans-C-2"), 132.89 (cis-C-2"), 120.01 (t, Jc
= 4.1 Hz, C-3'), 97.11 (C-1), 96.72 (C-1), 96.53 (C-1), 96.48 (C-
1), 96.32 (C-1), 96.15 (C-1), 77.76-69.01 (6 X C-2, 6 X C-3, 6 X C-
4, 6 X C-5), 71.13 (C-1"), 68.33 (C-6"), 63.16-63.04 (5 X C-6), 34.10
(t, Jor = 22.8 Hz, C-4"), 20.89-20.62 (17 X CH;) ppm. '°F NMR
(282 MHz, CDCl;3): 6 = -80.96 (t, J = 9.6 Hz, 3 F, 3 X F-7'),
—(114.25-114.62) (m, 2 F, 2 X F-6"), -(127.66-127.71) (m, 2 F,
2 X cis-F-5"), =(127.78-127.84) (m, 2 F, 2 X trans-F-5") ppm. IR
(drift KBr): ¥ = 1745, 1370, 1238, 1043 cm™'. MS (ESI): m/z =
1931.5 [M + NaJ*.

Per-0-acetyl-6'-0-[5,6,6,6-tetrafluoro-5-(trifluoromethyl)hex-2-en-
1-yl]-a-cyclodextrin (13b): The reaction was run with compounds 8
(100 mg, 0.058 mmol) and 12b (61 mg, 0.29 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (41 mg, 37%). M.p. 122-124 °C. [a]® = +89 (CHCl5).
'"H NMR (300 MHz, CDCl5): 6 = 5.79 (dt, J = 154, 5.4 Hz, 1 H,
2'-H), 5.72-5.37 (m, 7 H, 6 X 3-H, 1X3'-H), 5.11-5.02 (m, 3 H,
3X1-H), 5.04 (d, /=3.6 Hz, 1 H, 1-H), 498 (d, / = 3.6 Hz, 1 H,
1-H), 4.96 (d, J = 3.4 Hz, 1 H, 1-H), 4.82-4.67 (m, 6 H, 6 X 2-H),
4.54-3.55(m, 26 H, 2 X 1'-H, 6 X 4-H, 6 X 5-H, 12 X 6-H), 2.85 (dd,
Jur =198 Hz, Jyuy = 6.9 Hz, 2 H, 2 X4'-H), 2.16-1.98 (m, 51 H,
17X CH3) ppm. *C NMR (101 MHz, CDCls): § = 170.73-169.06
(17X C=0), 133.49 (trans-C-2"), 132.03 (cis-C-2"), 120.95 (d, Jc
= 5.7Hz, C-3"), 97.02 (C-1), 96.68 (C-1), 96.47 (C-1), 96.44 (C-
1), 96.25 (C-1), 96.09 (C-1), 77.75-69.01 (6 X C-2, 6 X C-3, 6 X C-
4, 6 X C-5), 71.01 (C-1"), 68.32 (C-6"), 63.12-62.99 (5 X C-6), 31.96
(d, Jer = 20.4 Hz, C-4"), 20.87-20.62 (17 X CH3) ppm. '°F NMR
(282 MHz, CDCls): 6 = -76.01 (d, J = 7.0 Hz, 6 F, 2 X trans-CF3),
-76.19 (d, Jg = 6.9 Hz, 6 F, 2 X cis-CF3;), —(182.22-182.50) (m, 1 F,
trans-F-5"), —(182.87-183.10) (m, 1 F, cis-F-5") ppm. IR (drift
KBr): v = 1747, 1372, 1240, 1045 cm™'. MS (ESI): m/z = 1931.6
[M + Na]*.

Per-0-acetyl-6'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-tridecafluorodec-2-
en-1-yl)-a-cyclodextrin (13c): The reaction was run with com-
pounds 8 (92 mg, 0.053 mmol) and 12¢ (96 mg, 0.27 mmol).
Workup afforded, after column chromatography, the title com-
pound as a white powder (47 mg, 43%). M.p. 116-118 °C. [a]¥ =
+80 (CHCl3). 'H NMR (300 MHz, CDCl5): § = 5.82 (dt, J = 15.5,
5.6 Hz, 1 H, 2'-H), 5.73-5.61 (m, 1 H, 3'-H), 5.60 (dd, J = 10.6,
8.8 Hz, 1 H, 3-H), 5.57 (dd, J = 10.4, 8.3 Hz, 1 H, 3-H), 5.56 (dd,
J =10.5,8.5Hz, | H, 3-H), 5.51 (dd, J = 9.8, 7.8 Hz, 1 H, 3-H),
5.45(dd, J =10.2, 8.6 Hz, 1 H, 3-H), 5.44 (dd, J = 10.3, 8.4 Hz, 1
H, 3-H), 5.11-5.02 (m, 4 H, 4x1-H), 498 (d, J = 34 Hz, 2 H,
2X1-H), 4.82-4.67 (m, 6 H, 6 X2-H), 4.51-3.59 (m, 26 H, 2 X 1'-
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H, 6 X4-H, 6 5-H, 12X 6-H), 2.85 (td, Jyr = 18.5Hz, Jypy =
6.7Hz, 2 H, 2x4"-H), 2.22-1.91 (m, 51 H, 17X CH;) ppm. *C
NMR (101 MHz, CDCLy): § = 170.76-169.02 (17 X C=0), 134.21
(trans-C-2"), 132.98 (cis-C-2"), 120.02 (m, C-3"), 97.13 (C-1), 96.73
(C-1), 96.54 (C-1), 96.48 (C-1), 96.34 (C-1), 96.16 (C-1), 77.78—
69.00 (6 X C-2, 6 X C-3, 6 X C-4, 6 X C-5), 71.16 (C-1"), 68.34 (C-
61), 63.17-63.05 (5% C-6), 34.31 (t, Jor = 22.6 Hz, C-4'), 20.92—
20.58 (17 X CH;) ppm. "°F NMR (282 MHz, CDCLy): § = ~80.78
(tt, 7=9.9,2.5 Hz, 3X F-10"), (112.89-113.40) (m, 2 F), -(121.73—
122.09) (m, 2 F), ~(122.67-123.02) (m, 2 F), —(123.02-123.30) (m,
2 F), (125.97-126.24) (m, 2 F) ppm. IR (drift KBr): v = 1748,
1372, 1241, 1043 cm ', MS (ESI): m/z = 2081.5 [M + Na]*.

Per-O-acetyl-6'-0-(5,5,6,6,7,7,7-heptafluorohept-2-en-1-yl)-B-cyclo-
dextrin (14a): The reaction was run with compounds 9 (100 mg,
0.050 mmol) and 12a (52 mg, 0.25 mmol). Workup afforded, after
column chromatography, the title compound as a white powder
(47 mg, 43%). M.p. 117-119 °C. [a]) = +103 (CHCI3). 'H NMR
(300 MHz, CDCl3): 0 = 5.81 (dt, J = 15.5, 5.5 Hz, 1 H, 2'-H), 5.72—
5.60 (m, 1 H, 3’-H), 5.40-5.17 (m, 7 H, 7X3-H), 5.13 (d, J =
39Hz, 1 H, 1-H), 5.10 (d, J = 43 Hz, 1 H, 1-H), 5.08 (d, J =
3.9 Hz, 1H, 1I-H), 5.07-5.03 (m, 3 H, 3X 1-H), 5.02 (d, / = 3.9 Hz,
1 H, 1-H), 4.85-4.67 (m, 7 H, 7 X 2-H), 4.60-3.55 (m, 30 H, 2 X 1'-
H, 7X4-H, 7X5-H, 14X 6-H), 2.83 (td, Jyr = 18.6 Hz, Jyu =
6.5Hz, 2 H, 2X4'-H), 2.10-1.97 (m, 60 H, 20 X CH;) ppm. 13C
NMR (101 MHz, CDCls): 6 = 170.90-169.25 (20 X C=0), 134.04
(trans-C-2"), 132.78 (cis-C-2"), 119.93 (t, Jo r = 4.3 Hz, C-3"), 97.11
(C-1), 96.93 (C-1), 96.83 (C-1), 96.75 (C-1), 96.46 (C-1), 96.42 (C-
1), 96.33 (C-1), 77.00-69.24 (7 X C-2, 7XC-3, 7XC-4, 7XC-5),
71.06 (C-1), 67.77 (C-6Y), 62.68-62.37 (6 X C-6), 34.10 (t, Jor =
22.6 Hz, C-4"), 20.86-20.60 (20 X CH3) ppm. '°’F NMR (282 MHz,
CDCl3): 6 = -80.92 (t, J = 9.8 Hz, 3 F, 3 X cis-F-7"), -80.97 (t, J =
9.6 Hz, 3 F, 3 X trans-F-7'), ((114.37-114.63) (m, 2 F, 2 X F-6'),
—(127.65-127.71) (m, 2 F, 2 X cis-F-5"), —(127.79-127.82) (m, 2 F,
2 X trans-F-5") ppm. IR (drift KBr): ¥ = 1749, 1371, 1236,
1048 cm™!. MS (ESI): m/z = 2219.3 [M + Na]*.

Per-0-acetyl-6'-0-[5,6,6,6-tetrafluoro-5-(trifluoromethyl)hex-2-en-
1-yl]-B-cyclodextrin (14b): The reaction was run with compounds 9
(100 mg, 0.050 mmol) and 12b (52 mg, 0.25 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (37 mg, 34%). M.p. 118-120°C. [a] = +102
(CHCl3). '"H NMR (300 MHz, CDCly): 6 = 5.79 (dt, J = 15.5,
5.4 Hz, 1 H, 2'-H), 5.71-5.58 (m, 1 H, 3'-H), 5.41-5.17 (m, 7 H,
7% 3-H), 5.13(d, J=39Hz | H, 1-H), 5.10 (d, /=43 Hz, 1 H,
1-H), 5.08 (d, / = 3.9 Hz, 1 H, 1-H), 5.07-5.00 (m, 4 H, 4 X 1-H),
4.86-4.67 (m, 7 H, 7x2-H), 4.61-3.54 (m, 30 H, 2X1'-H, 7 X 4-
H, 7X5-H, 14X 6-H), 2.84 (dd, Jur = 199 Hz, Jyu = 6.9 Hz,
2 H, 2x4'-H), 2.10-1.97 (m, 60 H, 20 X CH3) ppm. '*C NMR
(101 MHz, CDCly): 6 = 170.89-169.24 (20 X C=0), 133.42 (trans-
C-2'), 131.98 (cis-C-2"), 120.93 (d, Jcr = 5.7 Hz, C-3'), 97.11 (C-
1), 96.93 (C-1), 96.82 (C-1), 96.75 (C-1), 96.45 (C-1), 96.40 (C-1),
96.36 (C-1), 77.03-69.18 (7 X C-2, 7X C-3, 7 X C-4, 7X C-5), 70.99
(C-1"), 67.78 (C-6"), 62.68-62.35 (6 X C-6), 32.00 (d, Jcr = 20.7 Hz,
C-4"), 20.87-20.60 (20 X CH3) ppm. '°F NMR (282 MHz, CDCl;):
0=-76.41(d, J=7.0 Hz, 6 F, 2 X trans-CF5), -76.58 (d, J = 7.0 Hz,
6 F, 2 X cis-CF3), —(182.61-182.87) (m, 1 E, trans-F-5"), —(183.21—
183.42) (m, 1 F, cis-F-5") ppm. IR (drift KBr): ¥ = 1749, 1371,
1237, 1047 cm™!. MS (ESI): m/z = 2219.5 [M + Na]*.

Per-0-acetyl-6'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-tridecafluorodec-2-
en-1-yl)-p-cyclodextrin (14c): The reaction was run with compounds
9 (300 mg, 0.15 mmol) and 12¢ (268 mg, 0.74 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (168 mg, 48%). (This product was also prepared by
6259
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using Grubbs first generation catalyst in 42% yield.) M.p. 115~
117 °C. [a]) = +100 (CHCI;). '"H NMR (300 MHz, CDCl;): § =
5.81 (dt, J = 158, 54 Hz, 1 H, 2'-H), 5.72-5.60 (m, 1 H, 3'-H),
5.41-5.18 (m, 7 H, 7X 3-H), 5.14 (d, J/ = 3.9 Hz, 1 H, 1-H), 5.11-
5.02 (m, 6 H, 6 X 1-H), 4.86-4.67 (m, 7 H, 7 X 2-H), 4.61-3.56 (m,
30 H, 2X 1'-H, 7X4-H, 7X5-H, 14X 6-H), 2.85 (td, Ju r =
18.9 Hz, Jy iy = 6.7 Hz, 2 H, 2 X 4'-H), 2.10-1.98 (m, 60 H,
20 X CH3) ppm. '*C NMR (101 MHz, CDCls): § = 170.90-169.28
(20X C=0), 134.11 (trans-C-2"), 132.89 (cis-C-2"), 119.97 (t, Jcr
= 4.1 Hz, C-3"), 97.14 (C-1), 96.94 (C-1), 96.86 (C-1), 96.77 (C-1),
96.48 (C-1), 96.48 (C-1), 96.34 (C-1), 77.22-69.22 (71X C-2, 7X C-
3, 7X C-4, 7% C-5), 71.11 (C-1"), 67.82 (C-6Y), 62.71-62.39 (6 X C-
6), 34.35 (t, Jor = 22.6 Hz, C-4'), 20.86-20.62 (20 X CH3) ppm.
YF NMR (282 MHz, CDCl;): § = -80.79 (tt, J = 9.9, 2.4 Hz, 3 F,
3XF-10"), (112.91-113.36) (m, 2 F), -(121.77-122.10) (m, 2 F),
—(122.71-123.02) (m, 2 F), —(123.02-123.26) (m, 2 F), —(126.01—
126.22) (m, 2 F) ppm. IR (drift KBr): v = 1750, 1370, 1241,
1052 cm™!. MS (ESI): m/z = 2370.2 [M + Na]*.

Per-0-acetyl-6'-0-(5,5,6,6,7,7,7-heptafluorohept-2-en-1-yl)-vy-
cyclodextrin (15a): The reaction was run with compounds 10
(100 mg, 0.043 mmol) and 12a (46 mg, 0.22 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (26 mg, 24%). M.p. 121-123°C. [a]® = +109
(CHCI3). '"H NMR (300 MHz, CDCls): 6 = 5.87-5.77 (m, 1 H, 2'-
H), 5.72-5.61 (m, 1 H, 3’-H), 5.42-5.23 (m, 8 H, 8 X 3-H), 5.20 (d,
J =38Hz 1H, 1-H), 5.16 (d, J = 3.8 Hz, 1 H, 1-H), 5.15-5.05
(m, 6 H, 6 X1-H), 4.77-4.65 (m, 8 H, 8§ X2-H), 4.61-3.55 (m, 34
H, 2X 1'-H, 8 X 4-H, 8 X 5-H, 16 X 6-H), 2.84 (td, Jy; r = 18.7 Hz,
Jun = 6.9 Hz, 2 H, 2X4’-H), 2.13-2.00 (m, 69 H, 23 X CH;) ppm.
13C NMR (101 MHz, CDCl;): 6 = 170.74-169.25 (23 X C=0),
134.02 (trans-C-2"), 132.77 (cis-C-2"), 120.06 (t, Jcr = 4.5 Hz, C-
3"), 96.47 (C-1), 96.40 (C-1), 96.29 (C-1), 96.27-96.04 (5 X C-1),
77.20-69.55 (8 X C-2, 8 X C-3, 8 X C-4, 8 X C-5), 71.04 (C-1"), 67.79
(C-6"), 62.70-62.26 (7 X C-6), 34.10 (t, Jc i = 22.5 Hz, C-4"), 20.89—
20.62 (23 X CH3) ppm. '’F NMR (282 MHz, CDCl5): 6 = —-80.52
(t, /=9.9Hz, 3 F, 3 X cis-F-7"),-80.57 (t, J = 9.9 Hz, 3 F, 3 X trans-
F-7"), —(113.58-114.42) (m, 2 F, 2 X F-6"), —(127.20-127.27) (m, 2
F, 2 X cis-F-5"), —(127.34-127.48) (m, 2 F, 2 X trans-F-5") ppm. IR
(drift KBr): v = 1750, 1370, 1239, 1043 cm'. MS (ESI): m/z =
2508.1 [M + Na]*.

Per-0-acetyl-6'-0-|5,6,6,6-tetrafluoro-5-(trifluoromethyl)hex-2-en-
1-yl]-y-cyclodextrin (15b): The reaction was run with compounds
10 (100 mg, 0.043 mmol) and 12b (46 mg, 0.22 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (31 mg, 29%). M.p. 125-127°C. [a]f = +112
(CHCl;). '"H NMR (300 MHz, CDCl;): 6 = 5.81 (dt, J = 15.6,
5.6 Hz, 1 H, 2’-H), 5.73-5.60 (m, 1 H, 3'-H), 5.43-5.25 (m, 8 H,
8x3-H), 521 (d, J=3.8Hz | H, 1-H), 5.18 (d, /= 39Hz | H,
1-H), 5.17-5.06 (m, 6 H, 6 X 1-H), 4.79-4.67 (m, 8 H, 8 X 2-H),
4.63-3.54 (m, 34 H, 2 X 1'-H, 8 X4-H, 8 X 5-H, 16 X 6-H), 2.87 (dd,
Jur = 19.7Hz, Jyy = 7.1 Hz, 2 H, 2 X 4"-H), 2.15-2.01 (m, 69 H,
23X CHj3) ppm. '*C NMR (101 MHz, CDCls): § = 170.82-169.20
(23X C=0), 133.41 (C-2"), 121.07 (d, Jcr = 6.3 Hz, C-3'), 96.46
(C-1), 96.39 (C-1), 96.34 (C-1), 96.30-96.02 (5 X C-1), 76.56-69.45
(8 X C-2, 8 X C-3, 8 X C-4, 8 X C-5), 70.98 (C-1"), 67.81 (C-6"),
62.72-62.26 (7 X C-6), 32.01 (d, Jcr = 21.9 Hz, C-4"), 20.90-20.62
(20 X CH3) ppm. '°F NMR (282 MHz, CDCls): 6 = -76.01 (d, J =
6.6 Hz, 6 F, 2 X trans-CF;), -76.17 (d, J = 7.4 Hz, 6 F, 2 X cis-
CF;), —(182.20-182.51) (m, 1 F, trans-F-5"), —(182.76-183.00) (m,
1 F, cis-F-5") ppm. IR (drift KBr): ¥ = 1750, 1371, 1238, 1045 cm .
MS (ESI): m/z = 2508.0 [M + Na]*.
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Per-0-acetyl-6'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-tridecafluorodec-2-
en-1-yl)-y-cyclodextrin (15¢): The reaction was run with compounds
10 (100 mg, 0.043 mmol) and 12¢ (78 mg, 0.22 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (43mg, 38%). M.p. 124-126°C. [a]¥ = +106
(CHCI3). 'TH NMR (300 MHz, CDCls): 6 = 5.82 (dt, J = 15.4,
5.6 Hz, 1 H, 2'-H), 5.73-5.61 (m, 1 H, 3'-H), 5.43-5.24 (m, 8 H,
8% 3-H), 5.20 (d, J =3.9Hz 1 H, 1-H), 5.16 (d, J = 4.0Hz, 1 H,
1-H), 5.14-5.04 (m, 6 H, 6 X 1-H), 4.77-4.64 (m, 8 H, 8 X 2-H),
4.61-3.55 (m, 34 H, 2 X 1'-H, 8 X 4-H, 8 X 5-H, 16 X 6-H), 2.85 (td,
Jur =18.6 Hz, Jyy = 6.5Hz, 2 H, 2 X4'-H), 2.13-1.99 (m, 69 H,
23X CH3) ppm. 3C NMR (101 MHz, CDCls): 6 = 170.84-169.15
(23X C=0), 134.05 (trans-C-2"), 132.86 (cis-C-2'), 120.19-119.99
(m, C-3'), 96.46 (C-1), 96.39 (C-1), 96.32-95.98 (6 X C-1), 77.20—
69.47 (8 X C-2, 8 X C-3, 8 X C-4, § X (C-5), 71.07 (C-1"), 67.81 (C-
6), 62.70-62.20 (7 X C-6), 34.32 (t, Jop = 22.3 Hz, C-4'), 20.90~
20.60 (20 X CH3) ppm. ’F NMR (282 MHz, CDCls): § = -80.78
(tt, J = 10.1, 2.7 Hz, 3 F, 3 X F-10"), -(113.08-113.35) (m, 2 F),
—~(121.21-122.30) (m, 2 F), —(122.30-123.03) (m, 2 F), —(123.03—
123.49) (m, 2 F), —(125.79-126.45) (m, 2 F) ppm. IR (drift KBr):
v = 1751, 1371, 1238, 1046 cm™'. MS (ESI): m/z = 2657.9 [M +
Na]™.

Per-0-acetyl-2'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-tridecafluorodec-2-
en-1-yl)-p-cyclodextrin (16¢): The reaction was run with compounds
11 (75 mg, 0.037 mmol) and 12¢ (67 mg, 0.19 mmol). Workup af-
forded, after column chromatography, the title compound as a
white powder (44 mg, 50%). M.p. 115-117 °C. [a]¥ = +95 (CHCl5).
'H NMR (300 MHz, CDCls): § = 5.74 (dt, J = 15.4, 48 Hz, 1 H,
2'-H), 5.64 (dt, J = 15.7, 6.5Hz, 1 H, 3'-H), 5.35-5.15 (m, 7 H,
7x3-H), 5.11-5.02 (m, 5 H, 5X 1-H), 5.00 (d, / = 3.9 Hz, 1 H, 1-
H), 491 (d, J = 3.3Hz, 1 H, 1'-H), 4.86-4.70 (m, 6 H, 6 X 2-H),
4.61-3.53 (m, 30 H, 2 X 1'-H, 7 X 4-H, 7 X 5-H, 14 X 6-H), 3.30 (dd,
J=9.8,34Hz | H,2-H), 2.85 (td, Jiy r = 18.4 Hz, Jyy iy = 6.1 Hz,
2 H, 2x4'-H), 2.10-1.97 (m, 60 H, 20 X CH3) ppm. *C NMR
(101 MHz, CDCl3): 6 = 170.85-169.09 (20 X C=0), 134.14 (C-2'),
119.88 (C-3'), 98.10 (C-1), 97.08 (C-1), 97.05 (C-1), 96.82 (C-1),
96.60 (C-1), 96.56 (C-1), 96.49 (C-1), 78.13-69.46 (7 X C-2, 7X C-
3, 7XC-4, 7XC-5), 70.58 (C-1"), 62.93-62.26 (7 X C-6), 34.32 (t,
Je.g = 22.4 Hz, C-4"), 20.85-20.60 (20 X CH3) ppm. ’F NMR
(282 MHz, CDCly): 0 = -81.18 (tt, J = 9.7, 2.2 Hz, 3 F, 3 XF-
10"), —(113.39-113.65) (m, 2 F), —(122.20-122.49) (m, 2 F),
—(123.17-123.58) (m, 4 F), —(126.42-126.60) (m, 2 F) ppm. IR (drift
KBr): v = 1748, 1372, 1239, 1048 cm™'. MS (ESI): m/z = 2369.3
[M + Na]*.

General Procedure for Zemplen Deacetylation of O-Perfluoralkyl-
ated Cyclodextrins: A solution of MeONa in MeOH (0.1 M, 1 mL,
0.1 mmol) was added to 17¢-20c¢ (0.025 mmol) under an argon at-
mosphere. The reaction mixture was stirred for 1 h, quenched by
the addition of water (1 mL), and passed through DOWEX 50Wx2
in H* form. Recrystallization from 50% MeOH in water afforded
the desired product.

6'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluorodec-2-en-1-yl)-a-
cyclodextrin (17¢): The reaction was run with compound 13¢
(34 mg, 0.017 mmol). Workup afforded the title compound as a
white powder (22 mg, 97%). M.p. 260 °C (decomp.) [a]f) = +73
(CH;0H). 'H NMR (300 MHz, CD;0D): 6 = 5.95 (dt, J = 15.5,
5.5Hz, 1 H, 2’-H), 5.74 (dt, J = 15.1, 7.2 Hz, 1 H, 3'-H), 4.97-
4.89 (m, 6 H, 6 X 1-H), 4.09 (d, J = 59 Hz, 1 H, 1'-H), 3.99-3.42
(m, 36 H, 6 X2-H, 6 X3-H, 6 X4-H, 6 X 5-H, 12X 6-H), 2.99 (td,
Jur = 18.8Hz, Jyy = 7.1 Hz, 2 H, 2X4'-H) ppm. '*C NMR
(151 MHz, CD;0D): 6 = 136.32 (C-2"), 120.25 (C-3"), 103.97-
103.50 (6 X C-1), 83.50-61.49 (6 X C-2, 6 XC-3, 6 XC-4, 6 X C-5,

Eur. J. Org. Chem. 2010, 62566262



Synthesis of Mono(perfluoroalkyl) Cyclodextrins via Cross Metathesis

Eur

6% C-6, C-1"), 35.17 (t, Je.p = 22.1 Hz, C-4') ppm. "*F NMR
(282 MHz, CD;0D): 6 = —(82.34-82.36) (m, 3 F, 3 X F-10"),
~(113.95-114.40) (m, 2 F), (122.75-123.08) (m, 2 F), —(123.72—
124.24) (m, 4 F), (127.18-127.45) (m, 2 F) ppm. IR (drift KBr):
v = 3300, 1152, 1080, 1033 cm™'. MS (ESI): m/z = 1367.4 [M +
Na]™.

6'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluorodec-2-en-1-yl)-B-
cyclodextrin (18¢): The reaction was run with compound 14¢
(83 mg, 0.035 mmol). Workup afforded the title compound as a
white powder (50 mg, 94%). M.p. 260 °C (decomp.) [a]f) = +73
(CH;0H). 'H NMR (300 MHz, CD;0D): 6 = 5.96 (dt, J = 15.8,
5.4 Hz, 1 H, 2'-H), 5.81-5.69 (m, 1 H, 3'-H), 5.00-4.90 (m, 7 H,
7% 1-H), 4.15 (dd, J = 13.6, 5.0 Hz, 1 H, 1a’-H), 4.06 (dd, J =
13.3, 5.6 Hz, 1 H, 1b’-H), 3.95-3.43 (m, 42 H, 7X2-H, 7X3-H,
7X4-H, 7X5-H, 14X 6-H), 2.85 (td, Jg.p = 18.4Hz, Jy u =
6.5Hz, 2 H, 2X4'-H) ppm. '*C NMR (101 MHz, CD;0D): 6 =
136.64 (trans-C-2"), 134.23 (cis-C-2"), 120.82-120.13 (m, C-3"),
104.37-103.99 (7 X C-1), 84.00-61.42 (7 X C-2, 7X C-3, 7X C-4,
7XC-5, 7XC-6, C-1"), 35.57 (t, Jcy = 23.0 Hz, C-4') ppm. °F
NMR (282 MHz, CD;0D): 6 = —(81.61-81.72) (m, 3 F, 3 X cis-F-
10"), —(82.06-82.18) (m, 3 F, 3 X trans-F-10"), —(113.12-113.48) (m,
2 F), —(122.32-122.77) (m, 2 F), —(123.14-123.61) (m, 4 F),
—(126.90-127.09) (m, 2 F) ppm. IR (drift KBr): ¥ = 3304, 1157,
1082, 1032 cm™!. MS (ESI): m/z = 1529.5 [M + Na]*.

6'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluorodec-2-en-1-yl)-y-
cyclodextrin (19¢): The reaction was run with compound 15¢
(27 mg, 0.010 mmol). Workup afforded the title compound as a
white powder (16 mg, 96%). M.p. 260 °C (decomp.) [a]) = +75
(CH30H). 'H NMR (300 MHz, CD;0D): 6 = 5.95 (dt, J = 15.1,
5.3Hz, 1 H, 2’-H), 5.75 (dt, J = 15.2, 7.3 Hz, 1 H, 3'-H), 5.06-
4.95 (m, 8 H, 8 X 1-H), 4.10 (d, / = 5.6 Hz, 1 H, 1'-H), 3.92-3.41
(m, 48 H, 8 X2-H, 8 X3-H, 8 X4-H, 8 X5-H, 16 X 6-H), 3.00 (td,
Jur = 187Hz, Jyu = 6.8Hz, 2 H, 2X4'-H) ppm. *C NMR
(151 MHz, CD3;0D): 6 = 136.31 (trans-C-2"), 134.63 (cis-C-2'),
120.23 (C-3"), 104.12-103.79 (8 X C-1), 83.08-61.73 (8§ X C-2,
8XC-3, 8 XC4, §XC-5, 8XC-6, C-1"), 35.21 (t, Jcr = 22.3 Hz,
C-4") ppm. '°F NMR (282 MHz, CD;0D): § = -83.38 (tt, J = 9.9,
2.6 Hz, 3 F, 3 X F-10"), <(114.06-114.33) (m, 2 F), —(122.73-123.06)
(m, 2 F), <(123.75-124.18) (m, 4 F), —(127.12-127.40) (m, 2 F)
ppm. IR (drift KBr): ¥ = 3306, 1156, 1080, 1031 cm™!. MS (ESI):
mlz = 1691.6 [M + Na]*.

2'-0-(5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluorodec-2-en-1-yl)-B-
cyclodextrin (20c): The reaction was run with compound 16¢
(28 mg, 0.012 mmol). Workup afforded the title compound as a
white powder (17 mg, 95%). M.p. 260 °C (decomp.) [a]) = +72
(CH;0H). 'H NMR (300 MHz, CD;0D): 6 = 5.98 (dt, J = 15.5,
6.3Hz, 1 H, 2’-H), 5.79 (dt, J = 15.0, 7.1 Hz, 1 H, 3’-H), 5.04 (d,
J =3.4Hz, 1 H, 1-H), 4.96 (d, J = 2.9 Hz, 6 H, 6 X 1-H), 4.38
(dd, J=12.6, 59 Hz, 1 H, 1a’-H), 4.28 (dd, J = 12.2, 6.4 Hz, 1 H,
1b’-H), 3.98 (t, J = 9.1 Hz, 1 H, 3'-H), 3.92-3.43 (m, 40 H, 6 X 2-
H, 6 X3-H, 7X4-H, 7X 5-H, 14 X 6-H), 3.40 (dd, J = 9.7, 3.6 Hz,
1 H, 2'-H), 3.01 (td, Jyy.r = 18.9 Hz, Jyy = 6.3 Hz, 2 H, 2 X 4'-H)
ppm. *C NMR (151 MHz, CD;0D): 6 = 135.51 (C-2"), 122.48 (C-
3"), 104.06-102.28 (7 X C-1), 84.08-61.73 (7 X C-2, 7X C-3, TX C-
4,7xC-5,7%xC-6, C-1"), 35.22 (t, Jcr = 22.7 Hz, C-4) ppm. '°F
NMR (282 MHz, CD3;0D): 6 = —(82.28-82.40) (m, 3 F, 3 X F-
10"),—(113.93-114.25) (m, 2 F), —(122.61-122.96) (m, 2 F),
—(123.62-124.19) (m, 4 F), —(127.09-127.39) (m, 2 F) ppm. IR (drift
KBr): v = 3307, 1155, 1080, 1032 cm™. MS (ESI): m/z = 1529.5
[M + Na]*.

Light Scattering Measurements: A suspension of fluorinated cyclo-
dextrin 17¢-20c¢ (2 mg for 18c¢, 20c or 0.2 mg for 17¢ and 19¢ deriva-
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tives) in water (1 mL) was ultrasonicated for 5 min (17¢ and 19¢
derivatives were measured in lower concentrations due to precipi-
tation in higher concentrations). One light scattering measurement
of derivatives was carried out after 15 min. The suspension was
than stored 7 d at room temperature and second measurement was
carried out.

Supporting Information (see footnote on the first page of this arti-
cle): General information for the Experimental Section, prepara-
tion of allylated cyclodextrins 4-11, and copies of the spectra for
all prepared substances.
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